Genes at the major histocompatibility complex (MHC) in mammals are known to have exceptionally high polymorphism and linkage disequilibrium. In addition, these genes form highly complicated gene families that have evolved through gene conversion and unequal crossing-over. It has been shown recently that amino acid substitution at the antigen recognition site (ARS) is more rapid than synonymous substitution, suggesting some kind of positive natural selection working at the ARS. It is highly desirable to know the interactive effect of gene conversion and natural selection on the evolution and variation of MHC gene families. A population genetic model is constructed that incorporates both selection and gene conversion. Diversifying selection is assumed in which sequence diversity is enhanced not only between alleles at the same locus but also between duplicated genes. Expressed and nonexpressed loci are assumed as in the class I gene family of MHC, with gene conversion occurring among all loci. Extensive simulation studies reveal that very weak selection at individual amino acid sites in combination with gene conversion can explain the unusual pattern of evolution and polymorphisms. Here both gene conversion and natural selection contribute to enhancing polymorphism.
The exceptionally high levels of polymorphism at the class I and class II loci of the major histocompatibility complex (MHC) in human and mouse have been of great interest for many years (for reviews, see refs. 1 and 2). Based on recent discoveries of the effects of protein structure on antigen recognition and by using reported DNA sequences at these loci, Hughes and Nei (3) have shown that amino acid replacement substitutions occur more frequently than synonymous substitutions at the antigen recognition site (ARS). From this finding, these authors argue that heterozygote advantage (overdominant selection) is operating at the ARS. However, these genes are known to be evolving under various molecular interaction mechanisms such as gene conversion and unequal crossing-over (see refs. 2 and 4-7, for reviews), and overdominant selection at fixed loci would seem to be an insufficient mechanism. It is highly desirable to investigate how natural selection interacts with such molecular mechanisms. In this report, I show that a model that incorporates both selection and gene conversion fits better to the observed facts than the model of simple overdominant selection.
Model and Simulation Procedure
In the genomes of human and mouse, there are usually three loci each of the class I and class II gene families (1, 2) . All genes are expressed as important cell-surface molecules that participate in regulating immune reaction (ref. 8 , see pages 1037-1054). In both class I and class II families, there is variation in the number of genes among different species and also in the level of polymorphism (see ref. 9 ). Apparently, the numbers of normally expressed genes are rather small, usually three but occasionally two or four, in each of the two class families of mouse and human. The expressed loci are called "classical" for the class I family. Exceptionally high levels of polymorphism exist only at the expressed loci, and nonexpressed loci are much less polymorphic. It has been speculated that the seemingly "dormant" genes may be useful as a donor repertory for gene conversion and help in enhancing polymorphisms (10, 11) . Based on such unusual genetic organization at MHC loci, it has been suggested that these genes evolve with continuing formation, diversification, and degeneration of alleles and loci, presumably because of changing demands upon antigen presentation by a variable antigenic environment (12) . This picture may be viewed as "genetic turnover" involving unequal crossingover, gene conversion, and diversifying selection. It might also be regarded as a type of frequency-dependent selection in the sense of minority advantage within a population of a gene family.
From sequence comparisons, it is thought that the three presently expressed loci of each gene family were duplicated after the mouse-human divergence (9) . At the time when the genes duplicated, their divergence would have been low. Thus, in my model, diversity among genes is assumed to be enhanced by selection. Two types of loci are assumed: Is is the number of selected loci corresponding to the classical class I loci, and In is the number of nonselected loci corresponding to the nonclassical ones. All loci are assumed to be identical and free of mutation at the beginning. Each locus consists of 50 sites that correspond to the amino acid sites in the ARS. Mutation according to the infinite allele model (13) is assumed at each site. Fig. 1 (15) . There are 57 amino acids in the ARS (16, 17) , and they would correspond to roughly 100 amino acid replacement sites. Therefore, 4Nv of ARS should be -0.2-0.4. I have used Nv -0.1 (N = 50, and v = 0.002). I further assume that one generation roughly equals a year in the ancestral species of man and mouse in the subsequent discussion.
As in an ordinary gene family, gene conversion is assumed to occur among the loci, in addition to mutation and random genetic drift. Interlocus but intrachromosomal conversion is carried out by choosing two loci from (is + In) loci, and one Abbreviations: MHC, major histocompatibility complex; ARS, antigen recognition site.
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The rate of intralocus conversion is ,3, and the effective rate is Pe = 8/2. Again a low rate (NIBe = 0.1) was chosen that was thought to be realistic from the data.
For selectively neutral mutations, theoretical predictions made on genetic variability in the present model is possible (4, 18) . When selection is involved, the process is more complicated, and extensive Monte Carlo simulations are required.
If the system starts from identical genes, natural selection should operate to increase diversity not only between alleles at the same locus but also between genes at different loci.
Here it is convenient to use the identity coefficients (4, 18) of the multigene family model. Fig. 1A shows the two identity coefficients that represent the probabilities ofgene identity of the illustrated relationships for the case of Is = 3 and In = 6. Selection is assumed to work to lower F and/or C1. Let dF1 and dc~i be the numbers of different sites among the sequences of the illustrated relationships of a diploid individual as in Fig. 1B . Then the fitness of a gamete, w, from this individual with dcj and dF, is assumed to be given by w = exp(-AF -Ac), [1] where 
RESULTS
Our main interest is in how gene diversity is attained under selection and gene conversion. First, results of sequence divergence from the ancestral sequence are presented. Two cases are studied. In case 1, three expressed loci are present and the copy number remains constant (4s = 3, in = 0). In case 2, three expressed and six nonexpressed loci are present (is = 3, In = 6). In all cases, both interlocus (intrachromosome) f and intralocus (interchromosome) conversions are incorporated. In each case, several levels of selection intensity (SF and Sc of Eq. 1) were considered, but the value of truncation point was always assumed to be 10 (dt = 10 in Eq. 1).
The sequence divergences from the original measured by the distance-i.e., -lo0ge( -Pd)-where Pd is the fraction of different sites, is presented in Fig. 2 as functions of time. The straight line gives the case of neutral mutations. When 2Ns = 0.5, gene conversion appears to be more effective in case 2 than in case 1. However, when 2Ns = 1.0, the pattern of the accelerated divergence is similar in both cases. For 2Ns = 2.0, the acceleration slows down as time goes on in case 2, where gene conversion from the nonselected loci is incorporated. This is thought to be caused by the decreased selection effect produced by conversion from the nonexpressed loci that are not rapidly diverging. I have repeated simulations, and very similar figures were obtained. Thus, the result is repeatable and has an important bearing on the observed decrease of the acceleration of amino acid substitution at the antigen recognition site of the class I genes (3). This problem will be discussed further in a later section.
It can be seen from the figures, that the selection is very efficient even when it is mild. The selection intensity of 2Ns 1 is sometimes called "near neutrality" (15) . The reason for such efficient selection is the linkage disequilibrium among segregating sites, a situation similar to the FranklinLewontin effect of multilocus selection (19) . Once "coadapted" mutant blocks are established, they are maintained in the population by selection (20) . The appearance of such coadapted blocks is thought to be the result of interacting forces of selection and random drift (19) .
Let us now turn our attention to the more general properties of the present model. Several interesting quantities such as allelic diversity or actual number of alleles were examined in the period from the (1/v)th generation to the end of each simulation experiment, and average values are presented in Table 1 . These values do not pertain to the equilibrium situation but rather are the average for the transient phase.
The actual MHC gene families turn over in the evolutionary time scale as discussed previously, so the transient phase should be closer to the real situation.
Examined are nonallelic diversity, allelic diversity, age of nonidentity (polymorphism; both allelic and non-allelic), actual number of alleles, identity excess, allelic diversity at one of the nonexpressed loci (case 2), and distance from the original sequence at the end of each simulation. Allelic and nonallelic diversity are measured by the fraction of the different sites among the 50 sites. Age of nonidentity is measured by the age of the younger mutant at the two sites compared whenever the two sites differ, and the value is averaged for all different sites. Both the diversity and the age for nonallelic comparisons are made for nonallelic genes on the same chromosome, corresponding to C1 in Fig. 1 (ii) Although selection is effective in both cases, allelic and nonallelic diversity and the actual number of alleles are increased by interlocus gene conversion, especially when selection is very weak. (iii) Age of nonidentity becomes higher by the selection, and interlocus conversion again increases the age of nonidentity. (iv) Identity excess is large even when selection is very mildi.e., fairly large linkage disequilibrium is expected under the present model. (v) Allelic diversity at the nonexpressed loci (case 2) is one-third to about one-half of that at the expressed loci. (vi) As pointed out before, in case 2, genetic divergence measured by distance from the original sequence is decreased by gene conversion from nonexpressed loci in the later period of the simulations when 2Ns = 1.0 or more. All of these properties of the model have significant implications for understanding the observed pattern of MHC polymorphisms, which will be discussed later.
Our next simulation experiments incorporate a different form of selection, in which diversifying selection is only for allelic genes and does not work on nonallelic genes-i.e., SF > 0 and sc = 0 in Eq. 1. Also, the length of the simulation is extended to 16ONth generations. As before, the average values of gene diversity, age, and so on, in the period from the (1/v)th generation to the 16ONth generation were examined. Table 2 gives the results for case 1. In the series of experiments, the intensity of selection is fixed (2Ns = 1.0), and the rate of interlocus conversion was varied from 2NA = 0.0 to 2NA = 0.4. In the table, C1 + F means that there is selection for diversity of both allelic and nonallelic genes (SF = Sc = 0.01 in Eq. 1), and F means that selection is only on allelic genes (SF = 0.01, Sc = 0 in Eq. 1). Let us call the former (C1 + F) selection and the latter F selection. The results of Table 2 show that, as the conversion rate increases, the nonallelic diversity decreases, whereas the allelic diversity becomes larger in both selection models. As to the effect of the selection form, the nonallelic diversity is higher and the allelic diversity is lower with (C1 + F) selection than with F selection. This is just as expected. Thus, in the extreme situation of F selection with high conversion rate, the allelic diversity exceeds the nonallelic diversity. Such a relationship is not in accord with the real data of MHC polymorphisms. The age of polymorphism is similarly affected by the type of selection and by the conversion rate as the diversity. The actual number ofalleles also increases as the conversion rate increases in both selection models. The result has a significant bearing on understanding MHC polymorphisms, which will be discussed later. In both models, the identity excess is high.
The results of case 2 for the two models of selection are given in Table 3 . General properties of data in Table 3 are quite similar to those of data in Table 2 . However, there are significant differences between the two. The differences are caused by gene conversion involving nonexpressed loci in case 2. First, both diversity and age of nonidentity increase by conversion from nonexpressed loci. Second, in case 2, unlike the previous case 1, allelic diversity does not exceed nonallelic diversity even in the extreme situation of F selection with high conversion rate. Third, the actual number of alleles tends to be slightly larger, but the identity excess and the distance at the end tend to be smaller in case 2 than in case 1. In case 2, the allelic diversity at one of the nonexpressed loci was also measured and is given in the table. The diversity at the nonexpressed locus is 30-73% of that at the expressed loci. The difference between the expressed and the nonexpressed loci is insufficient compared with real data, and the problem will be discussed later.
DISCUSSION
The present simulation studies have clearly shown that the interaction among diversifying selection, gene conversion, and random genetic drift is important for acquiring and maintaining MHC polymorphisms: diversifying selection as well as gene conversion is effective in increasing the allelic diversity, the actual number of alleles, and the age of polymorphism. The effect of conversion is particularly pronounced in case 2, where gene conversion from the nonexpressed loci is incorporated. Note that random drift is also important. In their simulation study of multilocus overdominance, Franklin and Lewontin (19) concluded that the establishment of complementary blocks of genes is caused by Genetics: Ohta Proc. Natl. Acad. Sci. USA 88 (1991) "finiteness" of population size. In our study, gene conversion makes the system more complex, and all three processes contribute to the development of polymorphisms.
The real data of MHC polymorphisms suggest that many polymorphisms are trans species-i.e., more ancient than recent speciation (23) . The age of polymorphisms are often estimated to be (50-100)N generations (24) . Our results suggest that an age of this order of magnitude may be explained by assuming weak selection at each site. In addition to the results given in Tables 1-3, I have checked the age of polymorphic alleles at the end of each simulation experiment. These values often exceed 10ON generations at the 160Nth generation of the experiment even under weak selection (2Ns = 1.0). Note that the age of polymorphic sites given in Tables 2 and 3 is the average for all segregating sites in the period from the (1/v)th to the 160Nth generation, and the value is much smaller than the age of polymorphic alleles at the end of the experiment.
The actual number of alleles in a sample of 10-80 haplotypes is reported to be 5-20 in local Mus populations (25) . Our results suggest that the number in the simulated populations is slightly smaller than such data. This problem may be overcome by making ln larger or the region of conversion smaller in the simulation to induce more "recombinant" genes. The allele number may also be increased by bringing the subdivided population structure into the model. These problems are left to a future study.
Allelic diversity at the nonexpressed locus may not be small enough as compared with that at the expressed loci in the simulated populations. In other words, the difference between the expressed and the nonexpressed genes may be insufficient to account for the actually observed difference. In future analyses, the preferential conversion from the nonexpressed to the expressed loci should be incorporated.
Linkage disequilibrium is one of the most intensely studied quantities on MHC polymorphisms (26) . Strong association among serologically detectable alleles ofdifferent loci is often observed, but the combination of strongly associated alleles is usually different between local populations, indicating some effects of random drift. In the present simulations, strong linkage disequilibrium occurs as shown by standardized identity excess in Tables 1-3 . Although one needs more detailed numerical comparison with the actual data, the association of alleles between loci appears to be strong enough in the simulated populations. I incorporated interchromosomal conversion, which has an effect similar to the ordinary meiotic crossing-over, but it may not be quite sufficient.
Finally, I discuss the puzzling observation on the acceleration of amino acid substitution at ARS. Figure 2 of ref. 20 indicates that the acceleration of amino acid substitution disappears as genes become old in the genetic turnover process mentioned earlier. Hughes and Nei (3) suggest that the slowdown of the acceleration can be explained if only certain types of amino acid replacements are favored even at ARS with back and forth substitutions, which they call "saturation." For the class II gene family, this hypothesis may be appropriate, since the mean divergence is high. It is likely that the evolutionary pattern is considerably different between the class I and class II families. It has been suggested that the HLA-DR locus activates the immune reaction, whereas the HLA-DQ locus may suppress the reaction (27) .
Thus, the two loci may not be interchangeable, and the genetic turnover may be prevented in the class II gene family. For class I genes, the mean divergence is 40% at most, and one has to assume very limited types of amino acid replacements at ARS to explain the slowdown by saturation. I have mentioned that the diversifying selection for allelic and nonallelic genes results in rapid divergence at the beginning of the turnover process, followed by the slower divergence (20) . The present simulations have shown that conversion from the nonexpressed loci strengthens this tendency. As mentioned before, this effect may be caused by the slow divergence at the nonexpressed genes from which genetic information transfers to the expressed loci.
